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PACS numbers: 03.65.-w, 73.40.Gk, 73.61.-r Resonant tunneling has been the topic of great interest in recent years and has been intensively studied using simple electronic devices such as double barrier resonant tunneling heterostructures (DBRT). The DBRT structures are also used as a source of the hot electrons injected to the rest of the device and can be implemented into electronic devices such as resonant-tunneling hot electron transistors (RHETs) [1, 2] . The growing number of practical applications increases interest in investigation of the electron dynamics in such devices [3, 4] .
The improvement of the technology of device fabrication and measurement techniques allows nowadays for investigation of different aspects of carrier trańs-port in a wide range of the double barrier structures. Available experimental data show well-interpreted resonant tunneling peaks in I-V characteristics. However, additional peaks can also be observed [5, 6] . The interpretation of most of the observed data is well established based on resonant tunneling as the most important transport process, but the exact nature of the additional peaks is not clear. One of the possible explanation is a sequential energy loss of electron's kinetic energy due to the phonon emission [5] . The sequential energy loss is possible while the ballistic electron interacts strongly with the phonon bath. Another approach stresses the role of quantum interference effects in the collector region of device [6] . This approach stresses the role of the additional energy barriers present in the system at the collector side of the device. Because of the difficulty in obtaining direct experimental evidence which can confirm or eliminate presented explanations, a consistent theoretical treatment can provide additional information.
In the relaxation process, as well as in interference of the electron wave function on the potential step, the essential role is played by a relatively high (709) electron energy which must be dissipated to the environment. One of the important dissipation processes is electron-phonon interaction which allows for the transfer of electron excess energy to crystal.
The standard description of the electron in heterostructures is based on the stationary approach and neglects dynamical effects. This method succeeded to explain a wide range of effects joined to the tunneling and to the resonant tunneling, although the plane wave approach to the electron in the semiconductor cannot be applied in more advanced situations. Especially, the usage of this approach to the hot electrons with high kinetic energy in the double barrier heterostructures and other devices is at least questionable.
The aim of this paper is to investigate the influence of the energy step as well as electron-phonon interactions in the collector area of the double barrier resonant tunneling device on the tunneling probability. A standard description of a system interacting with crystal environment is based on a phonon bath as a set of simple harmonic oscillators [7, 8] . The phonon bath is then treated in the stationary approach and no information about tunneling dynamics is obtained.
In this paper we introduce, to the time-dependent description of tunneling phenomena [9] [10] [11] interaction of the carriers with the phonons. This allows us to obtain a proper analysis of phonon-electron interactions in the collector region of device. The interaction of the carriers with the phonons is described, in the first approximation, as the additional periodic, time-dependent potential added to the device band structure in the collector area. The potential responsible for electron-phonon coupling has a form of the traveling wave with the frequency ' p and the wave vector kp
The frequency of the wave can be associated with the measured phonon energy Eph through the energy-frequency dependence: Ε ph = ħω p . In the same way the wave vector corresponds to the characteristic dimension in the system, 2π/k.
The double barrier resonant tunneling structure is formed by an n-type ZnSe layer of a width dw = 47.6 Α (quantum well) surrounded by p-type ZnTe layers of a width dB = 26.4 Α (barrier region). The height of the barrier is V0 = 0.59 eV which results in the presence of one discrete energy level in the well (Ε 0 = 0.38 eV). The structure is placed between the wide n-type ZnSe layers (with a length greater than 3500 11). In the collector region the additional region of a width d = 1000 Α is introduced to form space buffer just after the double barrier resonant tunneling device (Fig. 1) . The rest of the collector area for x > d forms either the constant potential barrier V or is modified by the electron-phonon interaction potential Vp (x, t).
The system is investigated under the constant voltage V applied along the growth direction. Linear potential changes are assumed only in the barrier regions [11] . The electron dynamics is obtained by solving, within effective mass approximation [12] , the time-dependent Schrődinger equation where m* is the electron effective mass and depends on the layer type (m*znSe Dynamics of hot Electrons ... 711 0 . 1 6 m e , m * Z n T e = 0 . 3 2 m e ) , a n d V Β ( x ) d e n o t e s t h e s t a t i c d o u b l e b a r r i e r p o t e n t i a l with the applied, external voltage applied to the structure. The time-dependent Schrödinger equation (2) is solved using discrete grid methods as it was reported previously [13, 14] . The initial wave function is of the Gaussian shape, and its parameters, time step and the grid size are the same as in the previous works [10, 15] .
The tunneling probability calculated with the absence of the additional potentials exhibits a single resonant peak at the applied voltage Vpeak = 0.77 V.
The presence of the energy step in the collector area of the double barrier resonant tunneling structure does not change the tunneling probability significantly (Fig. 2a) . The height of the barrier was changed from 0.01 eV up to the 0.3 eV (half of the barrier height). In the whole range there is no significant change in the tunneling. As it is presented in Fig. 2b the additional barrier in the collector region changes slightly the charge trapped in a region just behind the DBRT device. In the absence of the additional energy barrier the total charge accumulated in the 1000 Α buffer reaches maximum at time 0.4 ps and then decreases exponentially as the transmitted part of the wave packet moves forward to the collector. The time dependence of the charge, presented in Fig. 2b for the applied voltage V = 0.74 V, shows also small oscillations in the decay caused by the difference of incident electron energy and energy of the discrete level in the quantum well [9] .
While the additional energy step is present, the charge accumulated in the buffer region increases and then decreases exponentially. For the time longer than 0.7 ps small differences in the charge decay are observed. The presence of the energy step causes accumulation of the charge in the wide well formed by the second barrier of the DBRT device and energy step in the collector area. The total charge accumulated in this area depends on the height of the barriers, especially on Vp but it is very small and practically has no influence on the tunneling characteristics even for relatively high potential energy steps (Vp = 1/2ν0). The tunneling characteristics are almost identical and small differences are seen only in the first derivative of the tunneling probability.
Since the step barrier in the collector area does not influence significantly tunneling probability, the electron-phonon coupling was introduced in the collector area. The applied frequency corresponds to the ZnSe LO phonon energy of 31 meV [16] , and wave vector k corresponds to 30 Α. With an increase in the electron-phonon coupling the significant changes are observed in the tunneling probability. The decrease in the tunneling probability is observed at a voltage of 0.7 V even for a small coupling (Fig. 3a) . A further increase in Εp , performed to emphasise the influence of the electron-phonon coupling, causes the overall decrease in the tunneling probability. Additional peaks are also observed together with a complicated structure of the tunneling probability. Peaks corresponding to the tunneling through quasi levels separated by the phonon fundamental energy hωρ are not observed. Additional peaks seen at much larger energy distances from the original tunneling peak can be associated with multiphonon processes, or with more complicated resonances. The time-dependent approach allows for detailed investigation of the suppression of the tunneling probability. As presented in Fig. 3b the decrease in the tunneling probability is caused by charge trapping in the region just behind the double barrier resonant tunneling structure. The electron-phonon potential reduces significantly a part of the wave function which reaches the collector. Therefore, a charge which tunnels through the DBRT structure is accumulated in the buffer region. The charge build-up prevents further tunneling and tunneling probability is reduced. In the presented model the charge build-up does not influence the valence band structure of the device. In general charge accumulation behind a barrier can modify a barrier height and further reduce tunneling probability.
In conclusion, the detailed time-dependent picture of the phonon assisted resonant tunneling phenomena in the double barrier structure is presented. The presented data show significant influence of the electron-phonon scattering on the tunneling process. The interaction reduces the tunneling probability and leads to the additional structure of the tunneling probability characteristics. The very limited influence of the additional barrier in the collector area on the hot-electron dynamics is shown. The obtained results allow for understanding the tunneling process and for better interpretation of the experimental data.
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